The cardiotoxic effects of doxorubicin, a potent chemotherapeutic agent, have been linked to DNA damage, oxidative mitochondrial damage, and nuclear translocation of p53, but the exact molecular mechanisms causing p53 transactivation and doxorubicin-induced cardiomyopathy are not clear. The present study was carried out to determine whether extracellular signalregulated kinases (ERKs), which are known to be activated by DNA damaging agents, are responsible for doxorubicin-induced p53 activation and oxidative mitochondrial damage in H9c2 cells. Cell death was measured by terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling, annexin V-fluorescein isothiocyanate, activation of caspase-9 and -3, and cleavage of poly(ADP-ribose) polymerase (PARP). We found that doxorubicin produced cell death in H9c2 cells in a time-dependent manner, beginning at 6 h, and these changes are associated decreased expression of Bcl-2, increases in Bax and p53 upregulated modulator of apoptosis-␣ expression, and collapse of mitochondria membrane potential. The changes in cell death and Bcl-2 family proteins, however, were preceded by earlier activation and nuclear translocation of ERKs, followed by increased phosphorylation at Ser15 and nuclear translocation of the phosphorylated p53. The functional importance of ERK1/2 and p53 in doxorubicin-induced toxicity was further demonstrated by the specific ERK inhibitor U-0126 and p53 inhibitor pifithrin (PFT)-␣, which abrogated the changes in Bcl-2 family proteins and cell death produced by doxorubicin. U-0126 blocked the phosphorylation and nuclear translocation of both ERK1/2 and p53, whereas PFT-␣ blocked only the changes in p53. Doxorubicin and ERK inhibitors produced similar changes in ERK1/2-p53, PARP, and caspase-3 in neonatal rat cultured cardiomyocytes. Thus we conclude that ERK1/2 are functionally linked to p53 and that the ERK1/2-p53 cascade is the upstream signaling pathway responsible for doxorubicin-induced cardiac cell apoptosis. ERKs and p53 may be considered as novel therapeutic targets for the treatment of doxorubicin-induced cardiotoxicity. oxidative stress; mitochondrial death pathway DOXORUBICIN IS ONE OF THE effective, commonly used chemotherapeutic agents in the treatment of a variety of solid and hematologic malignancies (17). Its antitumor efficacy appears to be dose dependent, but its clinical use is greatly restricted by the development of cardiomyopathy and clinical congestive failure (5, 14, 23) . Studies have shown that the doxorubicininduced cardiomyopathy is caused by increased oxidant production (11, 23, 38) and activation of the p53 tumor suppressor protein (7) after DNA damage in the heart (22). Upon activation, p53 is phosphorylated at Ser15 and transactivated (36, 41) into the nucleus to induce the expression of genes associated with cell arrest, DNA repair, and apoptosis. However, the molecular mechanism by which doxorubicin activates p53 has been not well elucidated. Recently, the activation of extracellular signal-regulated kinases (ERK)1/2 has been implicated for the proapoptotic action of another DNA-damaging chemotherapeutic agent cisplatin (21, 34). Furthermore, since the mitogen-activated protein kinase (MAPK) cascade can both positively and negatively influence p53-dependent apoptosis (2, 6, 32, 33), we sought to study whether ERK1/2 are responsible for the activation of p53 and cell death induced by doxorubicin in H9c2 cells. In addition to the measurement of cell apoptosis and the phosphorylated states of ERK1/2 and p53, experiments were also carried out to study nuclear translocation of phosphorylated ERK1/2 and p53(Ser15), p53 upregulated modulator of apoptosis (PUMA)-␣, Bcl-2, Bax, mitochondrial membrane potential (⌬⌿ m ), activations of caspase-9 and -3, and cleavage of poly(ADP-ribose) polymerase (PARP). The functional importance of ERK1/2 and p53 in doxorubicin-induced cell apoptosis was further studied by pretreating the cells with U-0126, a selective inhibitor for MEK1/2-mediated ERK activation (31, 43) or cyclic pifithrin (PFT)-␣, a cell permeable and potent p53 transactivation inhibitor (7, 24) . Finally, to study whether this ERK/p53 signaling pathway is also involved in the cytotoxic effect of doxorubicin in cardiomyocytes, we carried out similar experiments using doxorubicin and U-0126 in neonatal rat cultured cardiomyocytes. To confirm the role on ERK1/2 inhibition by U-0126, we also included in the latter studies another selective MEK-ERK inhibitor, 35) , which is chemically dissimilar to U-0126.
protein (7) after DNA damage in the heart (22) . Upon activation, p53 is phosphorylated at Ser15 and transactivated (36, 41) into the nucleus to induce the expression of genes associated with cell arrest, DNA repair, and apoptosis. However, the molecular mechanism by which doxorubicin activates p53 has been not well elucidated. Recently, the activation of extracellular signal-regulated kinases (ERK)1/2 has been implicated for the proapoptotic action of another DNA-damaging chemotherapeutic agent cisplatin (21, 34) . Furthermore, since the mitogen-activated protein kinase (MAPK) cascade can both positively and negatively influence p53-dependent apoptosis (2, 6, 32, 33) , we sought to study whether ERK1/2 are responsible for the activation of p53 and cell death induced by doxorubicin in H9c2 cells. In addition to the measurement of cell apoptosis and the phosphorylated states of ERK1/2 and p53, experiments were also carried out to study nuclear translocation of phosphorylated ERK1/2 and p53(Ser15), p53 upregulated modulator of apoptosis (PUMA)-␣, Bcl-2, Bax, mitochondrial membrane potential (⌬⌿ m ), activations of caspase-9 and -3, and cleavage of poly(ADP-ribose) polymerase (PARP). The functional importance of ERK1/2 and p53 in doxorubicin-induced cell apoptosis was further studied by pretreating the cells with U-0126, a selective inhibitor for MEK1/2-mediated ERK activation (31, 43) or cyclic pifithrin (PFT)-␣, a cell permeable and potent p53 transactivation inhibitor (7, 24) . Finally, to study whether this ERK/p53 signaling pathway is also involved in the cytotoxic effect of doxorubicin in cardiomyocytes, we carried out similar experiments using doxorubicin and U-0126 in neonatal rat cultured cardiomyocytes. To confirm the role on ERK1/2 inhibition by U-0126, we also included in the latter studies another selective MEK-ERK inhibitor, PD-98059 (12, 35) , which is chemically dissimilar to U-0126.
MATERIALS AND METHODS
Cell culture and study design. H9c2 cells from rat embryonic ventricular myocardium and neonatal rat cultured cardiomyocytes were used in the study. H9c2 cells, obtained from American Type Culture Collection (CRL-1446; Manassas, VA), were cultured in DMEM (Invitrogen GIBCO, Carlsbad, CA) supplemented with 10% fetal bovine serum in a humidified atmosphere of 95% air-5% CO 2 at 37°C. Before reaching confluence, the cells were split and plated at low density in culture medium containing 10% fetal bovine serum. Doxorubicin (1 M; Sigma Aldrich, St. Louis, MO) was added to complete medium and incubated for various intervals (1, 3, 6, 12, 24 , and 48 h). This dose of doxorubicin was chosen from preliminary studies showing significant activation of ERK1/2 and cell death by the terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay over 48 h. This concentration of doxorubicin is also clinically relevant, since it falls well within the plasma concentrations of doxorubicin in patients receiving doxorubicin therapy (16, 27) . In addition to cell death and ERK1/2 and p53 phosphorylation, we also measured the effects of doxorubicin on the activation of caspase-3 and -9 and PARP, and changes in Bax, Bcl-2, and PUMA-␣, over the 48-h period. Additional experiments were performed to determine whether 1) doxorubicin induced nuclear translocation of phospho-ERK1/2 and phospho-p53 by immunohistochemical nuclear staining and Western blot analysis of relative abundance of the proteins in cytosolic and nuclear fractions and 2) the cytotoxic effects of doxorubicin were associated with collapse of ⌬⌿ m, using a mitochondrial membrane potential-sensitive fluorescent dye. To study whether the toxic effects of doxorubicin were mediated via the ERKs or p53 signaling pathways, we employed U-0126 (20 M; Promega, Madison, WI), a highly selective inhibitor of MEK1/2, to block the formation of ERK1/2 and PFT-␣ (20 M; Sigma Aldrich) to inhibit p53 phosphorylation. The inhibitors were added to the culture medium 60 min before the addition of doxorubicin. For experiments involving immunohistochemistry, cells were plated on precoated 8-well culture slides.
To study whether the effects of doxorubicin in H9c2 cells were applicable to cardiomyocytes, we performed additional investigations in neonatal rat cultured cardiomyocytes. Cardiac ventricles, taken from 1-to 2-day-old Sprague-Dawley rat neonates, were gently minced and enzymatically dissociated using collagenase H (Worthington Biochemical, Lakewood, NJ) in Ca-and Mg-free HBSS medium at 37°C. Dissociated cells were then filtered through 200-m mesh and collected by centrifugation and plated at a density of 5 ϫ 10 4 /cm 2 on a 60-mm dish in DMEM (Cellgro; Mediatech, Herndon, VA) containing 10% (vol/vol) fetal bovine serum and 1% penicillin-streptomycin for 24 h. Cytosine 1-␤-Darabinofuranoside (10 M; Sigma Aldrich) was added to retard the growth of contaminating fibroblasts. On day 5, the cultured cardiomyocytes were added to fresh culture medium and then pretreated with either U-0126 (20 M) or PD-98059 (50 M; Calbiochem), before exposed to doxorubicin (1 M). We measured the effects of doxorubicin and MEK inhibitors on the phosphorylation of ERK1/2 and p53 and the activation of PARP and caspase-3. Animal protocol studies were approved by the University of Rochester Committee on Animal Resources, and animal handling and disposal were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (Publication No. 85-23, Revised 1996). TUNEL-positive cells were counted as described in MATERIALS AND METHODS. B: whole cell lysates were processed for Western blot analysis to detect active caspase-3, caspase-9, and poly(ADP-ribose) polymerase (PARP). ␤-actin was used as an equal loading control. Representative Western blots are shown at left. The optical density is expressed in arbitrary units normalized against a control sample. Data in histograms represent means Ϯ SE from 6 experiments. *P Ͻ 0.05, compared with control (0 h).
TUNEL assay. The TUNEL assay was performed on slides of H9c2 cell using an apoptosis detection kit (Promega), according to the manufacturer's instructions. In brief, control H9c2 cells and cells treated with doxorubicin were fixed in 4% (wt/vol) paraformaldehyde and permeabilized in 0.3% Triton X-100 (vol/vol). The cells were washed and then incubated with TUNEL. TUNEL-positive cells exhibit green fluorescence. Cell nuclei were identified by propidium iodide. The slides were then examined under an Olympus BX-FLA reflected light fluorescence microscope (Olympus Imaging America, Melville, NY); more than 500 nuclei were counted in random fields per slide. Cell apoptosis was determined by counting the number of TUNEL-positive nuclei and expressed as a percentage of total H9c2 cells counted.
Flow cytometric detection of apoptosis. The TUNEL assay detects the cells at a late stage of apoptosis. However, because it does not discriminate against necrotic cells, we also carried out experiments using the annexin V-fluorescein isothiocyanate (FITC)/propidium iodide apoptosis detection kit (Sigma Aldrich) to detect the early apoptotic cells in the studies of U-0126 and PFT-␣. Briefly, cells were trypsinized in phosphate-buffered saline (PBS). After cells were washed twice with PBS, 1 ϫ 10 5 cells were resuspended in 1ϫ binding buffer containing (in mM) 10 HEPES/NaOH (pH 7.4), 140 NaCl, and 2.5 CaCl 2. Annexin V-FITC and propidium iodide were then added to produce a final concentration of propidium iodide of 1 g/ml cell suspension. The mixture was incubated for 15 min at room temperature in the dark and then analyzed for the percentages of early (annexin V-FITC positive and propidium iodide negative) and late (annexin V-FITC positive and propidium iodide positive) apoptotic cells using a FACSCalibur flow cytometer (Becton Dickinson Biosciences, Franklin Lakes, NJ).
Western blot analysis. Total cell extracts were prepared by collecting attached and floating cells in radioimmunoprecipitation assay buffer containing 25 mM Tris ⅐ HCl (pH 7.6), 150 mM NaCl, 1% Nonidet (N)P-40, 1% sodium deoxycholate, and 0.1% SDS with phosphatase inhibitor cocktail and protease inhibitor cocktail kit (Pierce Biotechnology, Rockford, IL). After being vortexed, the lysates were clarified by centrifugation, and supernatants were collected.
To prepare the nuclear fractions, cells were suspended in sucrose extraction buffer containing (in mM) 250 sucrose, 1 DTT, 80 KCl, 15 NaCl, 5 EDTA, 15 PIPES (pH 7.4) and 1 PMSF and 0.1 NP-40 at 4°C, homogenized, and centrifuged at 1,000 g for 10 min to separate the nuclei. The supernatant was recentrifuged at 13,000 g for 15 min three times to yield the cytosolic fraction. The nuclear fraction was lysed in Tris buffer containing 50 mM Tris ⅐ HCl (pH 7.5), 1 mM EDTA, 15 mM ␤-mercaptoethylamine, 0.1% Triton X-100, and 0.5 mM PMSF and stored in Ϫ80°C before use.
Protein concentration of the cell samples was determined using the bicinchoninic acid assay reagent kit (Pierce Biotechnology) with bovine serum albumin as standard. For Western blot analysis, 10 -20 g of protein was denatured by heating 95°C for 5 min in SDS sample buffer (Cell Signaling Technology), loaded onto 10ϳ12% SDSpolyacrylamide gels, and then transferred electrically to a polyvinylidene fluoride membrane. The membrane was blocked in 5% (wt/vol) nonfat milk 0.1% Tween TBS buffer for 1 h and was then incubated overnight with the following primary antibodies: anti-Bcl-2 and anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-p53(Ser15), anti-p53, anti-procaspase-9, anti-active caspase-3, anti-PARP, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-ERK1/2, anti-phospho-ERK1/2, anti-c-Jun-NH 2-terminal kinase (JNK), anti-phospho-JNK, anti-p38 MAPK, anti-phospho-p38 MAPK (Cell Signaling Technology), anti-␤ actin, and anti-PUMA-␣ (Abcam, Cambridge, MA).
Anti-␤ actin antibody was used to show equal loading of the protein in the Western blot analyses. The membranes were incubated with horseradish peroxidase-linked anti-mouse or anti-rabbit secondary antibody at 1:1,000 dilutions and, after washes, visualized for immunoreactivity using an enhanced chemiluminescence system (Cell Signaling Technology). The optical density was determined using NIH 1.6 Gel Image Software, and the readings were normalized to a control sample in an arbitrary densitometry unit.
Assessment of mitochondrial membrane potential. 5,5Ј,6,6Ј-Tetrachloro-1,1Ј,3,3Ј-tetraethylbenzimidazolocarbocyanine iodide (JC-1; R&D Systems, Minneapolis, MN), a fluorescent dye that exhibits potential-dependent accumulation in mitochondria, is commonly employed to detect the change in mitochondrial membrane potential (⌬⌿ m). It has been shown to be more specific for mitochondria than other fluorescent dyes such as dihexaoxacarbocyanine iodide (DiOC 6 [3] ) or rhodamin 123. JC-1 selectively enters mitochondria and spontaneously forms complexes known as J-aggregates with intense red-orange fluorescence in normal cells with high mitochondrial membrane potential. If the membrane potential is disturbed as in apoptotic or unhealthy cells, the dye remains in the monomeric form, emitting only green fluorescence. In our experiments, cells exposed to various stimuli were incubated with 5 l/ml JC-1 for 15 min at 37°C. The medium was then removed, and the cells were washed three times with PBS. The cells were then mounted on slides and examined immediately under a fluorescence microscope at excitation/emission of either 590/610 nm for JC-1 red fluorescence or 485/535 nm for JC-1 green fluorescence. At least 200 cells were examined. The ratio of JC-1 red and JC-1 green cells was taken as index of mitochondrial membrane potential.
Immunofluorescence and nuclear staining. Control cells and cells treated with doxorubicin were rinsed with PBS and fixed in 4% (wt/vol) paraformaldehyde in PBS for 15 min at room temperature. After being washed with PBS, the cells were permeabilized in 0.3% Triton X-100 (vol/vol) in PBS for 5 min at room temperature. The cells were washed, blocked, and then incubated with primary antibodies for 2 h at room temperature. Secondary goat anti-rabbit or goat anti-mouse conjugated to Alexa fluor 488 or Alexa fluor 594 (Invitrogen Molecular Probes, Carlsbad, CA) were used at 1:250 dilution. To study nuclear translocation, 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI; Vector Laboratories, Burlingame, CA) was used to identify the nucleus. Coverslips were washed three times in PBS, mounted, and viewed under a fluorescence microscope. A combination of Alexa fluor 488 and Alexa fluor 594 probes, which have a low degree of spectral overlap, was used in colocalization experiments.
Statistics. Experimental data were analyzed using SPSS 16 for Windows (SPSS, Chicago, IL), and results are expressed as means Ϯ SE. One-way ANOVA was used to determine the significance of differences among the groups. The statistical significance of differences between two groups was determined using Tukey post hoc test. For a comparison between two groups, Student's t-test for unpaired data was used. A P value of Ͻ0.05 was considered to be significant. 
RESULTS

Induction of apoptosis by doxorubicin in
The optical density is expressed in arbitrary units normalized against a control nuclear sample. Data in histograms represent means Ϯ SE from 6 experiments. *P Ͻ 0.05, compared with cytosol of the same treatment group; †P Ͻ 0.05, compared with the same cell compartment of the untreated control.
number of TUNEL-positive cells increased with the duration of incubation; by 48 h apoptotic changes occurred in about 60% of the cells examined.
Similarly, doxorubicin incubation significantly increased active caspase-3 and cleavage of caspase-9 and PARP at 6 h (Fig. 1B) . The increases in cleaved caspase-9 and cleaved PARP were associated with decreases in procaspase-9 and uncleaved PARP. The magnitude of changes also paralleled that of doxorubicin on cell apoptosis. By 48 h, active caspase-3, cleaved caspase-9, and cleaved PARP increased 11-, six-, and sevenfold, respectively.
Phosphorylation and nuclear translocation of ERK1/2 and p53 in H9c2 cells. The effects of doxorubicin on ERK1/2 and p53 phosphorylation and nuclear translocation are shown on Figs. 2 and 3 . Like the effects on cell apoptosis and caspase activation, doxorubicin also produced time-dependent increases of phospho-ERK1/2, p53, and phospho-p53, up to ninefold the control level at 48 h of incubation (Fig. 2) . Total ERK1/2 showed no significant changes over time. In addition, the figure shows that the effect on phospho-ERK1/2 occurred very early within 1 h of incubation, and this was followed by an increase in phospho-p53(Ser15) within 3 h of incubation. The activation and nuclear translocation of phospho-ERK1/2 was also demonstrated by immunohistochemistry (Fig. 3A) . Phospho-ERK1/2, which was very low in amount in control untreated cells, increased conspicuously in doxorubicin-treated cells. In this figure the colocalization of phospho-ERK1/2 and DAPI is also shown, indicating the apparent translocation of phospho-ERK1/2 to the nucleus after the activation by doxorubicin. The findings were confirmed by the Western blot analysis of phospho-ERK1/2 in the cytosolic and nuclear fractions. Figure 3A shows that although phospho-ERK1/2 was increased in both the cytosolic and nuclear compartments after doxorubicin treatment, it increased 11-to 12-fold in the nuclear fraction, far exceeding that in the cytosolic fraction. The positive cytosol-to-nucleus ratio seen in the control H9c2 cells was reversed after doxorubicin treatment.
Similarly, in examining the cellular distribution of phosphop53(Ser15) in H9c2 cells by fluorescence microscope (Fig.  3B) , we found that in control cells there was only little phospho-p53(Ser15), which is mainly distributed in the cytoplasm. Whereas when the cells were exposed to doxorubicin for 24 h, phospho-p53(Ser15) was upregulated and translocated to the nucleus, as evidenced by both the immunofluorescence and Western blot analysis. Nuclear phospho-p53 protein increased 10-to 11-fold after doxorubicin treatment.
Bcl-2 family proteins in H9c2 cells. To gain information on the relationship between doxorubicin-induced apoptosis and Bcl-2 family protein, we measured the changes of Bax, Bcl-2, and PUMA-␣ over the 48 h of incubation by Western blot. As shown in Fig. 4 , Bax and PUMA-␣ were upregulated following doxorubicin treatment, whereas Bcl-2 was suppressed. As a result, the ratio of Bcl-2 to Bax fell drastically, beginning at 3 h of incubation. In contrast, ␤-actin was unchanged, indicating that the changes in the Bcl-2 family proteins could not be explained by the unequal loading of the proteins.
Collapse of mitochondria membrane potential in H9c2 cells. JC-1 dye was used to study mitochondrial membrane potential (⌬⌿m) in H9c2 cells. Figure 5 shows that the control untreated cells exhibited mostly brightly stained mitochondria that emitted red/orange fluorescence, whereas many H9c2 cells exposed to doxorubicin exhibited green fluorescence, which reflects mitochondria depolarization or ⌬⌿m collapse. The ratio of cells exhibiting red/orange and cells exhibiting green fluorescence was 27.2 Ϯ 1.4 in the control, which was greatly reduced to 1.3 Ϯ 0.1 in the doxorubicin-treated cells (n ϭ 10 in each group; P Ͻ 0.001).
Effects of U-0126 and PFT-␣ on doxorubicin-induced apoptotic pathway in H9c2 cells.
To determine whether the doxorubicin induction of apoptosis was affected by ERK1/2 or p53 inhibition, we pretreated H9c2 cells with either U-0126 or PFT-␣ for 1 h and then added doxorubicin to the culture medium for 24 h. In these experiments, cell apoptosis was measured by both annexin V-FITC binding (Fig. 6A ) and TUNEL staining ( Table 1) . As shown previously, doxorubicin increased the number of TUNEL-positive cells. Doxorubicin treatment also increased the numbers of early and late apoptotic cells. The figure and table also show that the numbers of apoptotic cells produced by doxorubicin were reduced significantly by U-0126 and PFT-␣. Further, the reduction of cell apoptosis was associated with the preservation of mitochondrial membrane potential in the U-0126 or PFT-␣-treated cells (Fig. 6B) . In addition, Table 1 shows that U-0126 and PFT-␣ also reduced cleavage of caspase-9 and the activation of caspase-3 produced by doxorubicin.
We also studied the effects of U-0126 and PFT-␣ on phospho-ERK1/2 and phospho-p53. Table 2 and Fig. 6C show that the increases of phospho-ERK1/2 and phospho-p53 produced by doxorubicin were markedly attenuated by U-0126, whereas PFT-␣ inhibited only the increase in phospho-p53(Ser15). Using tissue immunostaining, we also found that U-0126 Histograms show the ratios of normal mitochondrial membrane potential (⌬⌿m) and collapsed ⌬⌿m in control and doxorubicin-treated cells with and without U-0126 and PFT-␣ pretreatment. C: whole cell lysates were used to measure p-ERK1/2 (p-ERK), p-p53, Bax, Bcl-2, PUMA-␣, caspase-9, cleaved caspase-3, and PARP by Western blot analysis. ␤-actin was used as an equal loading control. D: nuclear translocation of p-ERK1/2 and p-p53 was studied by indirect immunofluorescence using fluorescein-conjugated secondary antibodies (p-ERK1/2, green; and p-p53, red). Cell nuclei were counterstained with DAPI. Representative images are shown from 3 experiments. E and F: nuclear proteins were processed for Western blot analysis to detect p-ERK1/2 and p-p53. The optical density is expressed in arbitrary units normalized against a control sample. Data in histograms represent means Ϯ SE from 6 experiments. *P Ͻ 0.05, compared with control; †P Ͻ 0.05, compared with doxorubicin. pretreatment blocked the increases in protein and nuclear translocation of phospho-ERK1/2 and phospho-p53 produced by doxorubicin (Fig. 6D) . PFT-␣ also reduced the increased protein and nuclear translocation of phospho-p53 but had no effect on the nuclear translocation of phospho-ERK1/2. The effects of U-0126 on nuclear translocation of phospho-ERK1/2 and phospho-p53 were further demonstrated by Western blot analyses of the proteins in the nuclear fraction (Fig. 6, E and  F) . Figure 6E also shows that U-0126 reduced the basal level of nuclear phospho-ERK1/2 to 39 Ϯ 3% of the control.
The influences of U-0126 and PFT-␣ on the effects of doxorubicin on the Bcl-2 family proteins were also examined. Figure  6C and Table 2 show that both inhibitors attenuated the doxorubicin-induced increases of Bax, PUMA-␣, cleaved caspase-9, cleaved PARP, and active caspase-3. They also blocked the decrease in the Bcl-2 protein produced by doxorubicin.
To study whether the cytoprotective effect of U-0126 was specific to its inhibitory action on ERK1/2, we also measured the effects of doxorubicin and U-0126 on p38 MAPK and JNK. Figure 7 shows that unlike its effects on phospho-ERK1/2, doxorubicin affected neither phospho-p38 MAPK nor phospho-JNK. U-0126 pretreatment also had no effect on the phosphorylation of p38 MAPK or JNK either alone or in combination with doxorubicin treatment. These findings suggest that the cardiotoxic effects of doxorubicin were not mediated via either the p38 MAPK or the JNK pathway.
Effects of doxorubicin on neonatal rat cardiomyocytes. We studied the effects of doxorubicin in rat cultured cardiomyocytes.
Two structurally different MEK inhibitors, U-0126 and PD-98059, were used to study whether the toxic effects of doxorubicin were mediated via the ERK1/2 phosphorylation. Figure 8 shows that similar to the effects in H9c2 cells, doxorubicin increased the phosphorylation of ERK1/2 and p53 and cleavage of PARP and caspase-3 in neonatal cardiac myocytes. The figure also shows that U-0126 and PD-98059 attenuated the increased phosphorylation of ERK1/2 and p53. The inhibitors also reduced the doxorubicin-induced activation of PARP and caspase-3, confirming the results of doxorubicin in H9c2 cells. The effects of U-0126 and PD-98059 were qualitatively similar.
DISCUSSION
We report in the present study that at a clinically relevant concentration, doxorubicin produced a cytotoxic effect in H9c2 cells and neonatal rat cultured cardiomyocytes, which was associated with the increased activation and nuclear translocation of ERK1/2 and p53. We also demonstrated that the cell death caused by doxorubicin was associated with the downregulation of Bcl-2, upregulation of Bax and PUMA-␣, collapse of ⌬⌿ m , and activation of caspases-9 and -3 and PARP. PARP is a substrate for caspase-3, and cleaved PARP has been shown to be an important marker for apoptosis. The functional importance of ERK1/2 and p53 phosphorylation was further demonstrated in our present study by U-0126 and PFT-␣ pretreatment, which significantly attenuated the loss of mitochondrial membrane potential and cell apoptosis induced by doxorubicin in H9c2 cells. Studies were also presented in neonatal rat cardiomyocytes with U-0126 and PD-98059 showing that ERK1/2 is an important early mediator for the doxorubicin-induced cell apoptosis. We conclude that ERK1/2 functions upstream to p53 and that ERK1/2 activation is responsible for the phosphorylation of p53(Ser15) and the subsequent Bcl-2 family-mediated cell apoptosis. Values are means Ϯ SE; n ϭ 6 experiments. Optical density for the Western blots was normalized to a control sample for each of the proteins. *P Ͻ 0.05, compared to control; †P Ͻ 0.05, compared to doxorubicin alone. PUMA, p53 upregulated modulator of apoptosis.
The effect of doxorubicin on the MEK-ERK cascade has been studied previously, but the results are conflicting. Lou et al. (26) reported that doxorubicin caused an early increase of ERK1/2 phosphorylation in the rat heart, with a maximum rise to 513% seen at 4 h, which was followed by the progressive decline of phospho-ERK1/2 to 66.8% of the control at 3 wk after the last injection of doxorubicin. On the other hand, Spallarossa et al. (40) observed no effect of doxorubicin on ERK phosphorylation in H9c2 cells. Although these findings contradict our present study, our results are consistent with more recent findings that doxorubicin activated the MEK1/2-ERK1/2 cascade in the mouse failing heart (3) and increased phospho-ERK1/2 in H9c2 cells (7) . In addition, unbeknown heretofore, we report herein a functional linkage between ERK activation and p53 phosphorylation in mediating the apoptotic effects of doxorubicin in cardiac myocytes.
The p53 protein, a transcription factor, has a short half-life and is present at a low level in normal cells. When exposed to DNA damage stress, p53 is phosphorylated on multiple residues in both the amino-and carboxy-termial domains by several different protein kinases. Among serine residues, the phosphorylation at Ser15 by ERKs has been shown to interfere with binding of p53 to murine double minute 2; this leads to the stabilization and accumulation of p53 in the cytoplasm and subsequent transactivation of p53 (4, 31, 36) . The nuclear localization of p53 is critical for its transcriptional activity as well as the apoptosis-inducing function of p53 (9, 44, 45) . The functional importance of p53 in mediating the cardiac toxicity of doxorubicin was demonstrated previously in transgenic mice in which p53 knockout attenuated the decline of left ventricular systolic function and myocyte apoptosis produced by doxorubicin (37) . Increased p53 protein expression has also been found in human failing ventricular myocardium (39) .
Although the mechanism of p53-dependent apoptosis is still not fully understood, it appears that this effect involves the transcriptional activation of many target genes including MAPK family and Bcl-2 family proteins (20, 28, 42, 44) . The Bcl-2 family consists of both proapoptotic and antiapoptotic proteins. Their functions are determined by the presence and organization of their Bcl-2 homology (BH) domains (1, 10, 15) . Antiapoptotic proteins such as Bcl-2 and Bcl-xL contain BH1-4 domains, whereas the proapoptotic members (Bax, Bak, Bid, and Bad) contain BH1-3 domains. The increase in p53, as shown in our experiments, was associated with the downregulation of Bcl-2 and upregulation of Bax (29) . The ratio of Bcl-2 and Bax decreased markedly. In our study, PUMA-␣, a newly identified BH3-only protein, was also increased in H9c2 cells after doxorubicin treatment. PUMA has been shown to be induced by p53 and implicated in p53-mediated apoptosis in vitro as well as in vivo gene knockout studies (18, 29, 44) . Numerous studies have shown that the shift of the Bcl-2 family protein to apoptotic Bax and PUMA would lead to the collapse of mitochondrial membrane potential (⌬⌿ m ), cytochorme c release, and the formation of the apoptosome with Apaf-1 and procaspase-9, which in turn activates caspases-9 and -3 and PARP (8) . In addition, it has been speculated that p53 may bind to Bcl-xL protein, causing conformational alterations and mitochondrial translocations of p53 and Bcl-2 proteins and leading to the release of cytochrome c and cell apoptosis (13) . Indeed, doxorubicin has been shown to increase mitochondrial p53 (30) and reduce mitochondrial membrane potential (22) . However, the precise mechanism by which doxorubicin causes the mitochondrial translocation of p53 and Bcl-2 proteins has not been fully elucidated. Further studies, which are beyond the scope of our present study, are needed.
U-0126 and PFT-␣ are effective inhibitors for ERK and p53 transactivation. Our studies showed U-0126 inhibited the activation and nuclear translocation of not only ERK1/2 but also p53 in H9c2 cells after doxorubicin. Our study confirms that U-0126 is a MEK1/2-specific inhibitor. It reduced the production of ERK1/2 and phospho-ERK1/2 (Fig. 6) , without affecting the p38 MAPK or the JNK pathway (Fig. 7) . In contrast, PFT-␣ abrogated the activation and nuclear translocation of only p53 (Fig. 6) . The findings suggest that p53 activation acts downstream of the ERK signaling pathway. To confirm that the changes produced by U-0126 are mediated via its inhibitory action on MEK1/2, we also used PD-98059 in rat cardiomyocytes. Since the two MEK inhibitors produced qualitatively similar changes in the cultured rat cardiomyocyte (Fig. 8) , we conclude that the effects of doxorubicin on ERK1/2 and p53 phosphorylation and activation of PARP and caspase-3 were mediated by the MEK1/2-ERK1/2 cascade. However, because the MEK-ERK inhibitors did not completely inhibit the accumulation of p53 protein, additional upstream signaling pathways may be present and contribute to the phosphorylation of p53 following doxorubicin treatment.
In the present study, we showed that at the dose administered, doxorubicin treatment produced no significant increases of p-38 MAPK and JNK proteins in H9c2 cells (Fig. 7) . However, when the dose of doxorubicin was increased fivefold (5 M), significant increases in p-38 MAPK and JNK phosphorylation were reported in H9c2 cells (7) . Activation of p-38 MAPK and JNK has also been observed in the mouse heart following doxorubicin administration (20, 26) . We suspect that the discrepancies in p38 MAPK and JNK activation among the studies are related, at least in part, to the differences in the doses of doxorubicin and experimental conditions used. The increases of myocardial p38 MAPK and JNK in animals could also be caused by an enhanced stimulation of multiple signaltransduction pathways secondary to the state of heart failure, instead of the direct effects of doxorubicin on the heart.
In conclusion, our present investigation is the first to demonstrate the involvement of the ERKs/p53 signal transduction pathway in the doxorubicin-induced apoptosis in H9c2 cells and neonatal cardiomyocytes. We showed that ERKs and p53 were both phosphorylated and translocated into the nucleus before the development of changes in Bcl-2 family proteins, ⌬⌿ m , or cell apoptosis following doxorubicin treatment. These changes were markedly reduced when the cells were pretreated by the MEK/ ERK and p53 inhibitors. PFT-␣ has also been shown to inhibit doxorubicin-induced cardiomyocyte apoptosis in mice without interfering the antitumor potency of doxorubicin (25) . Our results contribute to our insights of doxorubicin-induced cardiac toxicity and identify new targets for strategies to treat and prevent doxorubicin-induced cardiomyopathy.
